ABSTRACT Synchronizing Megachile rotundata (F.) nesting activity with alfalfa bloom is essential for ensuring optimal pollination for alfalfa seed production. This is achieved by timing the initiation of spring bee incubation so that adults will emerge ϳ2 wk before peak bloom. If weather conditions change so as to delay the bloom, bee managers will commonly expose the developing bees to a period of low-temperature incubation to slow their development. We have previously demonstrated survival during low-temperature incubation can be signiÞcantly increased by using a ßuctuating thermal regime (FTR) where the bees receive a daily pulse at 20ЊC. A FTR incubation protocol is composed of a number of different components, such as the base and pulse temperatures, and the duration and frequency of the pulse. In this investigation, the effect of the duration of the pulse (5Ð120 min) and the frequency of a pulse (twice daily to weekly) on the survival of developing M. rotundata was examined. A pulse as short as 5 min at 20ЊC increased survival of the developing bees as compared with the constant 6ЊC controls. Increasing the pulse duration induced a further increase in tolerance to 6ЊC. As with the pulse duration, increasing the pulse frequency from once weekly to twice daily had a signiÞcant effect on improving the bees tolerance to low-temperature incubation. This investigation further strengthens the argument that a FTR protocol is superior to using a constant low-temperature exposure for interrupting the spring incubation of M. rotundata.
The primary pollinator used in the production of alfalfa seed (Medicago sativa L. (F.)) in North America is the alfalfa leafcutting bee Megachile rotundata (F.) (Hymenoptera: Megachilidae). Ensuring the phenological match between M. rotundata nest establishment and peak ßoral resources is critical in ensuring adequate pollination and healthy bee brood production (Bosch and Kemp 2005) . Timing M. rotundata nesting activity to coincide with alfalfa bloom is achieved by predicting the bloom date and then transferring the overwintering prepupae to 29 Ð30ЊC (spring incubation) to initiate development on the appropriate date. The timing of initiation of the spring incubation is determined by using a standard degreeday model (International Pollination Systems, 2011) . If environmental conditions change so as to delay the bloom, managers will interrupt the spring incubation with a period of low-temperature incubation (LTI) to slow the beesÕ development (Goerzen 2007 ).
Pupae and pharate adults of M. rotundata are tolerant to a wide range of low temperatures (Undurraga and Stephen 1980 , Stephen 1981 , Rank and Goerzen 1982 , Yocum et al. 2010 . If emergence needs to be delayed, the incubation temperature can be lowered to 12Ð18ЊC for 2 wk without an increase in mortality (Yocum et al. 2010) . Lowering the temperature further to 6ЊC, leads to increased mortality by the second week. If the bees incubated at 6ЊC receive a daily high-temperature pulse at 20ЊC for 1 hr (ßuctuating thermal regime, FTR), survival can be increased to 3 to 5 wk depending on the developmental stage of the bees (Rinehart et al. 2011 ).
An FTR is composed of a number of different variables such as the base incubation temperature, the pulse temperature, duration and frequency of the pulse, and ramp speed. The particular combination of these variables determines what form of stress the organism is protected from and the degree of protection generated. The ßesh ßy, Sarcophaga crassipalpis Macquart, tolerance to Ϫ10ЊC was increased if the ßies received a single pulse at 15ЊC during their pretreatment at 0ЊC (Chen and Denlinger 1992) . This increased tolerance to Ϫ10ЊC was only generated by a pulse at 15ЊC. Any temperature below or above 15ЊC Mention of trade names or commercial products in this publication is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the U.S. Department of Agriculture.
failed to generate protection. The tolerance generated was very speciÞc in that it protected against a cold shock at Ϫ10ЊC but did not improve survival at 0ЊC. The beetle, Alphitobius diaperinus (Panzer), has a threshold temperature of 20ЊC for the FTR pulse before signiÞcant protection would be induced against prolonged exposure to 5ЊC (Renault et al. 2004) . Acclimating these beetles at 15ЊC for one month before they were exposed to 5ЊC enhanced the protection generated by FTR. The collembola, Orchesella cincta L., exhibited an optimal temperature range for the FTR pulse to generate protection against Ϫ3ЊC, but any temperature below or above this range failed to induce maximum protection (Hanč and Nedvȇ d, 1999) . To develop an optimized FTR protocol for interrupting the spring incubation, components of FTR will need to be more fully characterized. This study explores the effect of FTR pulse duration and frequency on emergence-ready (ER) M. rotundata survival during low-temperature storage.
Materials and Methods
Insects. Prepupae were purchased as loose bee cells from JWM Leafcutters, Inc. (Nampa, ID) in the spring of 2009. The prepupae were stored at 6ЊC in darkness until needed.
Temperature Treatments. Bee cells were hand sorted and inspected to ensure that each cell contained a completed cocoon in good condition, indicating that the larva had reached the prepupal stage. Prepupae were then placed one prepupa per well into 24-well culture plates. Three culture plates were assigned to a treatment and duration of treatment (n ϭ 72), and assignments were made using a random number table. The experimental design was an 8 ϫ 8 ϫ 1 factorial arrangement consisting of eight treatments (Table 1) , eight storage durations (1Ð 8 wk LTI), and a single developmental stage (ER adults). Including the three plates of 24 bees each used for the 29ЊC controls, a total of 4,680 bees were used in this experiment. The treatment plates were transferred to 29ЊC to initiate development. Once the Þrst adults started to emerge, indicating that the rest of the bees would emerge within the next few days, plates containing ER adults were transferred to their respective treatments.
The 29ЊC controls were not exposed to LTI, but maintained at 29ЊC until emergence. Treatments were carried out using environmental chambers, Conviron (Winnipeg, Manitoba, Canada) model I25L or Percival (Percival ScientiÞc, Perry, IA) model I30BLL. Temperatures were maintained within Ϯ0.5ЊC. All chambers were calibrated against the FTR (60 min) chamber using HOBO U10 data loggers (Onset, Bourne, MA) before conducting the experiment. Three plates from each treatment were transferred to 29ЊC weekly for 8 wk, to continue development. Plates were monitored on Mondays, Wednesdays, and Fridays for adult emergence. Plates were monitored for 7 d past the date of the last bees to emerge.
Statistical Analysis. Percent survival (deÞned as successful emergence) data were Þrst normalized by arcsine transformation. After transformation, the data were analyzed by one way analysis of variance (ANOVA) SigmaPlot v12 (Systat Software, San Jose, CA), followed by Holm and SidakÕs pairwise comparison procedure. Time to 50% emergence was determined using Kaplan-Meier survival analysis followed by a Gehan-Breslow test, using SigmaPlot v12.
Results
Pulse Duration and Frequency Effect on Poststorage Survival. ER M. rotundata receiving a daily pulse at 20ЊC for 5Ð120 min or a 1 hr pulse every other day had a signiÞcant increase in survival as compared with the constant 6ЊC controls. (ANOVA, P Ͻ 0.05) (Fig. 1 , Table 2 ). No signiÞcant differences in survival were observed regardless of treatment with a 1 wk LTI; however, differences in survival were noted by the second week of LTI with only the FTR (weekly) treatment not being signiÞcantly different from the constant 6ЊC controls. In general, as the LTI increases, the duration of the pulse at 20ЊC becomes an ever more critical factor determining survival rates. In our experiment, though FTR (5 min) increased survival during LTI, there were clear signiÞcant differences between these bees and bees receiving FTR (30 min), FTR (60 min), or FTR (120 min) treatments by the fourth week of LTI. By week 5, FTR (30 min) and FTR (120 min) were signiÞcantly different. Finally, FTR (30 min) differed from FTR (60 min) on week 7 of a Ramp speed is given above the arrows in units of ЊC/min. b Bees were exposed to 20ЊC for 1 h twice daily at 05:00 and 17:00 h.
LTI. As with the duration of the pulse, the frequency of the high temperature pulse is another critical component in optimizing FTR. In this investigation, there were no differences in survival of bees receiving FTR (60 min), FTR (twice), or FTR (EOD). However, by the fourth week of LTI, signiÞcant increased mortality was observed in bees receiving the FTR (weekly) treatment. It is clear that both the duration and frequency of the pulse affected survival rates when compared against the 29ЊC controls (Fig. 2) . Performance of bees appeared to group according to certain treatments. The Þrst group included FTR (120 min), FTR (60 min), and FTR (twice). Each could be stored for 4 wk without a decrease in survival as compared with 29ЊC controls. The next group included FTR (EOD) and FTR (30 min), which had good bee survival for 3 wk. The last group included FTR (5 min) and FTR (weekly) for which survival decreased after only 2 wk. By the Þfth week of storage, a small number of bees emerged during storage before they were transferred back to 29ЊC (Table 3) . During the seventh and eighth week of storage, Ͼ10% of the bees in the FTR (120) and FTR (twice) treatments emerged before they were transferred back to 29ЊC.
Pulse Duration and Frequency Effect on Poststorage Emergence Rates. Duration and frequency of the high temperature pulse had little effect on the timing of emergence following LTI as measured by days to 50% emergence (Fig. 3) . Comparing the Þrst week emergence rates against the eighth week, only FTR (120 min) had a signiÞcant (P Ͻ 0.05) decrease in days to 50% emergence, from a mean Ϯ SE of 3.3 Ϯ 0.3 d in week 1 to 1.3 Ϯ 0.2 d in week 8.
Discussion
LTI is an important component of M. rotundata husbandry (Waters, 1969 , Johansen and Eves, 1973 , Undurraga and Stephen, 1980 , Klostermeyer, 1982 , Stephen, 1981 , Rank and Goerzen, 1982 Table 1 . The constant 6ЊC controls and FTR (60 min) samples are included in both graphs to aid in comparisons. The result of the Holm and SidakÕs pairwise comparison procedure is given in Table 2. 2010). The development of the bees during the spring incubation can be slowed by transferring the bees from 29ЊC to 6Ð18ЊC (Yocum et al. 2010) . SigniÞcant mortality was observed by 2 wk of LTI at 6ЊC for EP pupae and by 3 wk, mortality increased for the ER adults held at 6 or 12ЊC. Besides the observed increase in mortality with increasing time in storage, premature emergence occurred if the ER adults were held at 18ЊC for 21Ð28 d (Yocum et al. 2010) . LTI of developing M. rotundata under a FTR consisting of a base temperature of 6ЊC and a daily 60 min pulse at 20ЊC signiÞ-cantly increased survival as compared with the 6ЊC controls (Rinehart et al. 2011 ). Whereas at a constant 6ЊC, EP pupae experience signiÞcant mortality by 2 wk of LTI, under the FTR there was no notable decrease in survival after 5 wk of LTI. The increase in survival of ER adults under the FTR was more modest (only 3 wk of LTI before signiÞcant mortality occurred) as compared with the 5 wk of LTI for the EP pupae. The bees used in this investigation appear to be somewhat more tolerant to LTI when compared with the bees used in the study reported by Rinehart et al. (2011) . Rinehart et al. also reported that FTR generated 3 wk of protection to LTI, while in this investigation the same FTR induced 4 wk of protection. One possible explanation for this difference may be that bees in these two investigations had experienced different thermal histories. Differences in thermal histories may be because of the environmental conditions during larval development or to differences in management practices. Acclimating A. diaperinus at 15ЊC enhanced the degree of protection generated by FTR as compared with nonacclimated beetles (Renault et al. 2004) . Bee managers should expect year to year variation in the percent survival of developing bees stored under an FTR, especially if the LTI duration is extended beyond 3 wk.
The duration and frequency of the high-temperature pulse have been demonstrated to be important factors effecting survival during prolonged low-temperature exposure (Leopold et al., 1998 , Hanč and Nedvȇ d, 1999 , Colinet et al., 2006 . A short pulse of 30 min at 25ЊC increased P. apterus tolerance to Ϫ5ЊC, while increasing the duration of the pulse further increased P. apterus tolerance (Hanč and O. Nedvȇ 1999) . The wasp, Aphidius colemani Vierech, receiving a daily pulse at 20ЊC, had a signiÞcantly greater degree of tolerance to 4ЊC than those wasps receiving a pulse only every other day (Colinet et al. 2006) . ER of M. rotundata receiving a daily pulse at 20ЊC even for ϳ5 min, FTR (5 min), exhibited improved survival for the Þrst 4 wk of storage as to compared with constant 6ЊC controls. At the 3 wk period of LTI, there were no signiÞcant differences in the percent survival of bees receiving FTR (30 min), (60 min), (120 min), (twice), or (EOD). After 3 wk, the survival of bees receiving the FTR (60 min), (120 min), (twice), and (EOD) treatments did not differ signiÞcantly, except for week 6 where FTR (EOD) was signiÞcantly different from FTR (120 min). Comparing the percent survival of bees under the various FTRs against the 29ЊC controls, a treatment response of increased survival with in- Table 1 . Asterisk (*) indicates signiÞcant decrease in the time to 50% emergence for bees stored for 1 wk versus 8 wk (P Ͻ 0.05, Holm and SidakÕs pairwise comparison procedure). creased frequency is apparent; twice daily Ͼ every other day Ͼ weekly and duration of the pulse 120 ϭ 60 Ͼ 30 Ͼ 5 min. Premature emergence of bees during LTI can be a problem with prolonged incubation (Yocum et al. 2010 ). In the FTR (120 min) and (twice) treatments, 25Ð33% of the starting number of bees emerged during LTI after the sixth week collection date and before the end of experiment on the eighth week of LTI. These bees were not used to calculate the percent survival because they emerged and may have died during LTI and therefore would be unavailable for pollination. However, they do indicate that these two FTRs enabled Ϸ40% or more of the bees to survive and to emerge past the 6 wk of LTI. The FTR (120 min) treatment also showed a consistent trend in decreasing time to 50% emergence of the stored bees, resulting in a statistically signiÞcant difference between the Þrst and last week of LTI. This decrease in time to 50% emergence would indicate that development is occurring in bees held under the FTR (120 min) treatment.
Optimizing M. rotundata Þeld release with the alfalfa bloom would decrease loss of bees and also decrease the number of bees needed for alfalfa seed production (Stephen, 1981, Bosch and Kemp, 2005) . FTR holds promise as a strategy for developing improved low-temperature incubation protocols for interrupting the spring incubation. This raises an intriguing possibility that interrupting the spring incubation with a period of FTR to optimize M. rotundata release could become a routine practice.
